In this study, energy spectrum and energy flow of the large-scale atmospheric motions are examined in reference to the Arctic Oscillation index. Attention is concentrated to the barotropic component of the atmosphere in the framework of the 3D normal mode decomposition.
Introduction
The Arctic Oscillation (AO) postulated by Thompson and Wallace (1998) has attracted more attention in recent years. The AO is a north-south seesaw of the atmospheric mass between the Arctic region and a surrounding zonal ring in the mid-latitudes, and has an equivalent barotropic structure from the surface to the lower stratosphere.
The spectral characteristics of the AO are described by Tanaka (2003) by means of the 3D normal mode decomposition. The analysis scheme is referred to as normal mode energetics. In the analysis, the scale of the 3D normal mode is represented by the phase speed of Rossby modes of Laplace's tidal equation c instead of the wavenumber k. The modal phase speed is related to the scale by the wave dispersion relation.
The spectral peak in the phase speed domain (i.e., c domain) for eddies is explained by the Rhines (1975) scale which separates the distinct slopes of turbulence and wave regimes (see Fig. 1 ). The spectral slope in the phase speed domain is theoretically deduced by to establish the energy saturation spectrum E=mc 2 , based on Garcia's (1991) criterion of Rossby wave breaking q/ y < 0, where m represents mass of the atmosphere for unit area and q is barotropic potential vorticity. When the Rossby waves saturate in the turbulence regime, the excessive energy supplied at the synoptic eddies cascades up toward the spherical Rhines speed cR. The accumulated energy at cR would stay for a long time because the triad wave-wave interactions of turbulence no longer break down the amplified Rossby wave. The energy is then transformed to the zonal motions by zonalization process (see Williams 1978) . Tanaka and Terasaki (2004) postulated that the atmospheric blocking is formed when excessive energy is accumulated at the spherical Rhines speed cR exceeding the Rossby wave saturation criterion.
Similar analogy of the energy flow in the phase speed domain will lead to a hypothesis such that the accumulated energy at the spherical Rhines speed cR is transferred to the zonal motion by the zonalization process, creating the Arctic Oscillation. Recently, Tanaka and Matsueda (2005) found an eigenmode of the linearized primitive equation which is identical to the AO. The zonalization process is anticipated to excite the AOlike eigenmode.
The purpose of this study is first to examine the upscale energy cascade from the synoptic eddies to the zonal field in the phase speed domain. Attention is concentrated to the barotropic component of the atmosphere where low-frequency variability dominates (Branstator 1990) . Secondly, we confirm our speculation such that the AO is characterized as the accumulation of barotropic energy at a specific zonal field characterized by the AO-like eigenmode. Finally, we confirm the intensification of the zonal-wave interaction during the AO positive phase by the composite analysis of the observational data.
Equation and data
The governing equations used in this study are the 3D spectral primitive equations on a sphere. The complete description of the model equations are given in Appendix of the Supplement-1. By expanding the state variable in 3D normal mode functions, we obtain a system of 3D spectral primitive equations in terms of the spectral expansion coefficients wi:
where is a dimensionless time, i is the eigenfrequency of the Laplace' tidal equation, fi is the expansion coefficient of the external forcing of viscosity and diabatic heating rate, and rijk is the interaction coefficients for nonlinear wave-wave interactions calculated by the triple products of the 3D normal mode functions.
Total energy E of the atmosphere (sum of kinetic energy and available potential energy) is simply the sum of the energy elements Ei defined by:
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where ps is the mean surface pressure and hm is the equivalent height. The energy spectrum Ei is plotted as a function of the dimensionless phase speed of the Rossby mode ci= i/n in a resting atmosphere, where n is the zonal wavenumber. The phase speed ci, scaled by 2 a, represents the horizontal scale of a mode by the wave dispersion relation, where a is Earth's radius and the angular speed of the rotation. The westward phase speed is small (large) when the horizontal scale of the Rossby mode is small (large).
By differentiating (2) with respect to time and substituting (1), we obtain the energy balance equation:
where Ni and Si designated the nonlinear interactions and the energy sources, respectively. It may be shown that the summation of Ni over the all subscripts i distributed in the c domain is zero by the conservation law. We can thus define energy flux in the phase speed domain Fi by the summation of the nonlinear interactions Ni with respect to ci in descending order of magnitude in the phase speed domain. The nonlinear interactions are further decomposed in contributions from zonal-wave interactions NZi and wave-wave interactions NWi. We define energy flux FZi and FWi by the summation of NZi and NWi, respectively:
Since the summation of Ni for all indices becomes zero, the positive and negative values of Fi represent up-scale and down-scale energy flux over the phase speed domain, respectively. Likewise, the summation of NZi for all indices becomes zero. The positive values of FZi represent the energy flux from eddy to zonal components. The result for FWi is presented by Tanaka and Terasaki (2004) for the study of blocking, and is illustrated in the Supplement-2. The data used in this study are four-times daily NCEP/NCAR reanalysis for 51 years from 1950 to 2000 (see Kalnay et al. 1996) . The data contain horizontal winds (u, v) and geopotential , defined at every 2.5°lon-gitude by 2.5°latitude grid point over 17 mandatory vertical levels from 1000 to 10 hPa. Apparently, the reanalysis data distributed in pressure coordinates are smoothed to damp the total wavenumber larger than approximately 30. For this reason, spectral results beyond that wavenumber are not presented in the result of this study. Figure 1 illustrates the barotropic energy spectrum Ei and the energy flux Fi (solid line) and FZi (dotted line) as functions of ci. Energy levels are connected by dotted lines for the same zonal wavenumber n with different meridional mode numbers l.
Energy spectrum
For zonal wavenumber zero, the scale index is not defined because Laplace's tidal equation degenerates for geostrophic modes. The difficulty was overcome by Shigehisa (1983) where mathematical limits of ci= i /n are shown to converge to finite values. The phase speed of the geostrophic modes can be approximated by that of the Haurwitz wave on a sphere: where l is the meridional mode number of n=0. Using this definition of the phase speed, we can analyze the energy spectrum for all zonal waves, including n=0 (black dots). The energy spectrum for n=0 over ci appears to coincide with that of n 0 for the small meridional scale. The energy injected at the synoptic scale about ci =0.006 cascades up to the larger scale (larger ci) obeying a specific power law. The phase speed ci =0.006 of the energy supply corresponds to the total wavenumber about l=13 by (5). It corresponds to the Rossby radius of deformation as discussed by Schneider (2004) . The spectral peak at ci =0.02 (18 m s 1 ) for eddies (white circles) is clearly explained by the spherical Rhines speed cR which separates the turbulence regime and wave regime. The spectral peak is not well separated from the Rossby radius of deformation. This observational fact is consistent with our claim such that the energy spectrum is formed by the Rossby wave saturation rather than the enstrophy cascading inertial subrange. The spherical Rhines speed is also the speed where the westward phase speed of the Rossby wave becomes stationary, and appreciable amount of energy supply occurs by the topographic forcing.
The line in the figure denotes the spectral slope of E=mc 2 derived by from the Rossby wave saturation criterion q/ y < 0, where m=ps/g is the atmospheric mass in unit area. The theoretical slope agrees well with the observation even for zonal energy spectrum n=0 (black dots). Figure 1 illustrates also the energy flux Fi in the phase speed domain. According to the result, the energy flux diverges at the synoptic scale at ci =0.006 and cascades up toward larger scale beyond cR showing the peak value of 0.30 W m 2 . The up-scale energy flux converges at ci =0.1, which corresponds to l=3 of n=0. The energy flux by the zonal-wave interactions FZi (dotted line) shows that the zonal energy is supplied from the eddy energy at the scale near cR. The difference between Fi (solid line) and FZi (dotted line) represents the energy flux by the wave-wave interactions FWi, which transfers energy from synoptic scale to the spherical Rhines scale cR (see . It is shown that the accumulated energy at cR by the wave-wave interactions FWi is transferred by the zonal-wave interactions FZi to zonal motions (black dots) as the zonalization process (Williams 1978) .
Arctic Oscillation
After the description of the climatology of the energy spectrum and energy flux in the phase speed domain, we examine the time variation of those quantities associated with the Arctic Oscillation. Figure 2 shows the barotropic height for the Arctic Oscillation computed for the DJF mean anomaly w´i of the NCEP/NCAR reanalysis during 1950 to 1999 (see Tanaka 2003) . It is evaluated as the EOF-1 of the time series w´i in the spectral domain under the energy norm. The EOF-1 explains 21% of the total variance. The negative anomaly in the Arctic is surrounded by positive anomaly in mid-latitudes with two pronounced positive peaks at the North Pacific and the North Atlantic. The characteristic pattern of the AO represented by the barotropic height is identical to that defined by the sealevel pressure documented by Thompson and Wallace (1998) . The pattern is for the positive Arctic Oscillation index, and the pattern reverses for the negative index. The structure of the AO is explained by Tanaka and Matsueda (2005) atmosphere (see . The characteristic AO pattern emerges as a resonant response to a random steady forcing when the eigenvalue (singular value) of the linearized primitive equation is zero. The structure of the eigenmode is almost identical with the observation in Fig. 2 . Figure 3 plots the distribution of barotropic energy difference between the AO positive case and the AO negative case in the phase speed domain. The positive and negative cases are the composite of the AO index exceeding the standard deviation 1.5 during the 50 years, respectively. It is found that the AO is characterized by the accumulation of energy at l=3 and the reduction at l=5 of the zonal field. The positive and negative peaks reach 2.0 and 1.5 ×10 5 J m 2 , respectively. At 60°N the meridional structure of geopotential has a node, and zonal wind has a peak for l=3 of Hough mode as seen in Tanaka and Kasahara (1992) . The result is consistent with the theory of the AO by the singular eigenmode of the atmosphere, since the theoretical structure of the eigenmode is almost identical with the observation in Fig. 2 . Figure 4 shows the energy flux associated with the zonal-wave interactions FZi in the phase speed domain for the composite of the AO positive (solid line) and AO negative (dashed line) cases compared with the climate (dotted line) shown by Fig. 1 . As discussed by Tanaka and Terasaki (2004) , the up-scale energy flux FWi from the synoptic-scale source range converges at cR during blocking events. It is noteworthy that the accumulated energy at cR is then transferred to the AO-like eigenmode in zonal mode by the energy flux FZi. The excessive energy at l=3 in Fig. 3 is evidently resulted from the enhanced energy flux convergence at l=3 in Fig. 4 . The reduction of energy at l=5 in Fig. 3 is also explained by the reduced flux convergence at l=5 in Fig. 4 . It is confirmed that the up-scale energy flux FZi is clearly instrumental for the AO. The energy supply results in the excitation of the singular eigenmode to emerge the AO as observed in the atmosphere.
Conclusion
In this study, energy spectrum of the large-scale atmospheric motions is examined in the framework of the 3D normal mode decomposition. Attention is concentrated to the barotropic component of the atmosphere where low-frequency variability dominates (Branstator 1990) .
According to the result of the observational analysis, the AO in the phase speed domain is represented by the energy increase at l=3 mode with simultaneous decrease at l=5 of the zonal field, which is consistent with the spectrum of the singular eigenmode of the AO discussed by Tanaka and Matsueda (2005) . The energy accumulation at the AO-like eigenmode is explained by the enhanced energy flux FZi associated with the zonal-wave interaction.
It is found in this study that the energy flux FZi comes from the spherical Rhines speed cR where the planetary-scale Rossby waves are stationary. Kimoto et al. (2001) suggested that the AO is induced by the interactions with the forced steady planetary waves. In contrast, Tanaka (2003) suggested that the AO is induced by the interactions with the active transient eddies in the synoptic scale. It is shown in this study that the upscale energy flux by transient eddies is once accumulated at cR by FWi . The accumulated energy is then transferred to zonal field by FZi to excite the singular eigenmode of the AO. Once the AO-like eigenmode is amplified, an important feedback operates in such a way that the intensified polar jet excites more synoptic eddies induced by the baroclinicity of the polar jet as discussed by Tanaka and Tokinaga (2002) .
